In the yeast Saccharomyces cerevtslae, genetic studies suggest that the RIM1 gene encodes a positive regulator of meiosis. rlm1 mutations cause reduced expression of IME1, which is required for expression of many meiotic genes, and thus lead to a partial defect in meiosis and spore formation. We report the sequence of RIM1 and functional analysis of Its coding region. The RIM1 gene product (RIM1) contains three regions similar to C 2 H 2 zinc fingers. Serine substitutions for cysteine In each of the putative zinc fingers abolish RIM1 function. The carboxyl-terminus of RIM1 is enriched in acidic amlno acids and is required for full RIM1 activity. RIM1 also contains two putative cAMPdependent protein kinase (cAPK) phosphorylatlon sites. At one site, substitution of alanine for serine does not affect RIM1 activity; at the other site, this substitution impairs activity. This analysis of RIM1 suggests that the protein may function as a transcriptional activator. We have used the cloned RIM1 gene to create a complete rlm1 deletion. This null allele, like previously isolated rlm1 mutations, causes a partial meiotic defect. In addition to RIM1, maximum IME1 expression requires the MCK1 and IME4 gene products. Defects associated with rlm1, mck1, and ime4 mutations In expression of a meiotic reporter gene (Ime2-lacZ) and in sporulation are additive. These findings suggest that RIM1 acts Independently of MCK1 and IME4 to stimulate IME1 expression.
INTRODUCTION
Sporulation of the yeast Saccharomyces cerevisiae is restricted to one type of cell, the a/a cell, and is stimulated by starvation in the absence of a fermentable carbon source. These signals lead to increased transcript accumulation from the IME1 gene (1); the IME1 product then stimulates expression of IME2 and other meiotic genes (2) (3) (4) (5) (6) . Several genes that regulate IME1 expression have been analyzed in an effort to define the pathways through which cell type and nutritional signals govern the decision to sporulate (Figure 1) . The a/a cell type is determined by two products of the MAT genetic locus, al and a2 (reviewed in 7). These proteins interact to form a repressor called al-a2 (8, 9) . al-a2 permits IME1 expression through two different pathways. In one pathway, al-a2 represses RME1, which specifies a repressor of IME1 (1, 10, 11) . In the other pathway, al-a2 stimulates expression of IME4, which specifies a positive regulator of IME1 (12) . It is thought that al-a2 stimulates IME4 expression, indirectly, through repression of an interceding gene in the pathway (12) . IME4 is expressed at higher levels in starved cells than in growing cells, so 1ME4 may transmit both cell type and nutritional regulatory signals (12) .
IME1 expression is affected by perturbations of the adenylate cyclase/cAMP-dependent protein kinase pathway (reviewed in 13). Reduced cAMP-dependent protein kinase (cAPK) activity permits IME1 expression in unstarved cells; elevated cAPK activity prevents 1ME1 expression in starved cells (2, 14) . This pathway is thought either to transmit or override nutritional signals that govern IME1 expression.
The genes RIM1 and MCK1 are required both for basal IME1 promoter activity in unstarved cells and for elevated IME1 RNA levels in starved cells [ Figure 1 (15, 16) ]. MCK1 encodes a protein kinase homolog that cofractionates with serine/threonine and tyrosine kinase activities (15, 17, 18) . Increased dosage of MCK1 stimulates IME1 expression and sporulation. Null mutations in MCK1 lead to partial defects in IME1 expression and sporulation efficiency (15) , suggesting that alternative pathways may act in parallel with MCK1 to stimulate IME1 expression, riml mutations also cause partial defects in IME1 expression and sporulation (16) . The finding that riml and mckl mutations have roughly additive effects on IME1 expression and sporulation suggests that the RIM1 and MCK1 gene products act in independent pathways. Mutations in three other genes, RIM8, RIM9, and RIM13, have properties similar to riml mutations, so all of these RIM genes are thought to act in the same pathway (16) . In this study, we report a molecular characterization of the RIM1 gene. Our findings have bearing both on the biochemical role of RIM1 and on a possible mechanism of its regulation. 
MATERIALS AND METHODS

Yeast strains
Isogenic strains were constructed in the SK-1 genetic background (19) through transformation or standard genetic manipulation (20) and are listed in Table 1 . All integrative transformations were confirmed by Southern analysis. The rmelAS, imel-HlS3, ime2-4-lacZ, IME2-5-lacZ and mckl A3 alleles as well as other auxotrophic markers in these strains have been described previously (5, 11, 15, 16) . The mch4A::LEU2 allele causes a mild, recessive IME1 expression defect and will be described elsewhere (L. Niegeborn and A. P. Mitchell, unpublished results). All mcklA, rimlA and ime4-l mutants analyzed in detail derived from mutant strains listed in Table 1 .
The SPOIL:TRP1 allele was created by transforming strain AMP107 with an EcoRl-digested plasmid pSS190A (Figure 2 ). The R1M1::URA3 allele was created by transforming strain AMP350 with ,X7wI-digested plasmid pSS195ABG (Figure 2 ). The rimlA allele was introduced as a one-step gene disruption (21) by transforming a ura3/ura3 diploid recipient (SSY55/AMP350) with Sail-and flgfll-digested plasmid pSS179C (Figure 2 ). Ura + transformants that displayed the expected Southern pattern were sporulated and dissected for tetrad analysis. We found that the Ura + phenotype cosegregated with rimlA by the smooth colony phenotype and by failure to complement riml mutants for ime2-lacZ expression. Furthermore, Ura + segregants containing the riml A allele were complemented for ime2-lacZ expression by plasmid pSS\79RIMl, which contains the wild type RIMl gene.
The one-step gene-disruption approach (21) was also used to create the ime4-l mutation. Insertion of the LEU2 gene into the BamYQ. site of the IME4 gene abolished IME4 activity (12) . We created the same mutation in plasmid pSS223LEt/ (Figure 2 ) and transformed it into a Ieu2/leu2 diploid strain (CSH2-2/CSH2-8) after digestion with PsA and HiniHR. Leu+ prototrophs were selected, sporulated and dissected. Southern blots of all segregants from three tetrads confirmed that the Leu + phenotype cosegregated with the 2.7-kbp insertion at ME4.
Media and genetic methods Standard procedures were used for mating, diploid isolation, sporulation and tetrad analysis (20) . Standard recipes were used for SD, SC, SC dropout media, YEPD, YEPAc, sporulation plates, and liquid sporulation media (2, 20) . Unless otherwise indicated, all experiments were conducted at 30°.
Sporulation and /3-galactosidase assays Sporulation ability was quantitated on sporulation plates or in liquid sporulation cultures as described (16) . We scored at least 200 cells by microscopic examination after 1-5 days. All determinations are the average of at least three experiments except in Table 2 , in which numbers are the average of two experiments. /3-galactosidase activity was assayed qualitatively on KAcXgal plates (minimal sporulation plates containing Xgal), or quantitatively with ONPG as substrate (16, 20) . /3-galactosidase assays in Figure 5 were conducted as described previously (16, 20) except that cells were grown to saturation in SD medium containing 0.5 % glucose and 1 % casamino acids prior to transfer to sporulation medium; samples were harvested after 6 hours for quantitative assays with ONPG as substrate, and sporulation was quantitated after 28 hours. This protocol permitted selection for maintenance of the TRP1 -bearing plasmids.
Cloning RIMl and RIM4 We constructed a yeast DNA library derived from the strain AMP105. Genomic DNA was partially digested with Sau3A and 10-kbp to 15-kbp fragments were gel-purified. The fragments were ligated into the BamHl site of pRS314 (22) 
Approximately 1500 ampicillin-resistant transformant colonies were pooled, grown to log-phase in LB ampicillin medium, and plasmid DNA was prepared.
Strain AMP597, a rim4-l mutant, was transformed with this library. Tryptophan prototrophs were selected, replica-plated to KAcXgal plates, incubated at 30° for two to three days and screened for complementation of the ime2-lacZ expression defect. Positive transformants were mated to strain AMP854 and tested for complementation of the rim4-l/rim4-l sporulation defect. Plasmids that complemented both defects of rim4-7were isolated and transformed into strains AMP599 and AMP745 to test for complementation of the ime2-lacZ expression defects of riml-1 and rim4-l, respectively. One plasmid (pSS131-15), containing Figure 1 . Regulation of BiiEl expression. 1ME1 is essential for expression of meiotic genes and for sporulation. The repressor al-a2, which determines the a/a cell type, permits JME1 expression through repression of RMEl(a negative regulator of 1MEV) and by activation of IME4 (a positive regulator of IME1). 'X' refers to a postulated repressor ofIME4 (12) . Genes required for full expression of IME1 also include MCKI, RIMl, R1M8, RM9 and RIM13 (15, 16) . Previous studies indicated that RIMl, RIM8, RIM9 and RDA13 act in a pathway that is independent of MCKI (16) . Results in this report suggest that IME4 acts in a third pathway distinct from the RIMl and MCKI pathways to activate IME1 expression. Nitrogen, glucose, and internal cyclic AMP (cAMP) prevent IME1 expression, possibly through effects on MCKI or RIMl activities. In addition, nitrogen is known to prevent UAE4 transcript accumulation (12).
a 15-kbp insert, complemented both mutations. An 8-kbp subclone in YIp5 (pSS 157-3) was digested with Sacl and targeted to the chromosome of wild type strain SSY55 to create strain TSS1571-1A. Two independent transformants were mated to strain AMP854 containing rim4-l, sporulated and tetrads dissected. In 21 of the 22 tetrads analyzed, the Ura + phenotype cosegregated with RM4 (11 P:0 NPD:0 T and 10 P:0 NPD: 1 T) indicating that the cloned DNA derived from a chromosomal locus close to the rim4-l mutation. Subclones of the insert from pSS131-15 carried in pRS314, YCp50 and YEp24 vectors were retested for complementation of the ime2-lacZ expression defects of riml-1 (strain AMP594) and rim4-l (strain AMP974).
Plasmid constructions
The SPO11::TRP1 plasmid (pSS190A) was constructed by inserting the SPO11 gene into the integrating vector pRS3O4 (22) . A 1.4-kbp Xhol-Spel fragment which contains SPO11 from pGB436 (provided by C. Giroux) was ligated into the Xhol and Spel sites of pRS304 ( Figure 2 ). The RIM1::URA3 plasmid (pSS195ABG) was constructed in two steps. First, the 10-kbp EcoFl fragment from plasmid pSS131-15 ( Figure 3 ) was ligated into the EcoKl site in YIp5. The resulting plasmid was digested with BamHl and BglH and religated to remove the intervening 7.4-kbp fragment ( Figure 2 ). Single-copy and multi-copy RIMl plasmids were constructed by ligating the 6.1-kbp SaR-Kpnl fragment from pSS166ASal ( Figure 3 ) into the Sail and Kpnl sites of pRS314 and pRS424 (22) to create pSSll9RIMl and pMC RIMl, respectively ( Figure 2 ). Another single-copy plasmid containing the RIMl gene on a 2.6-kbp fragment (pCEN RIMl) derived from 3' exonuclease m deletion (see below). The plasmid used for creating the riml A allele, pSS179C, was constructed by inserting a 1.1-kbp Smal-Xbal fragment containing the URA3 gene into the Smal and Nhel sites of pSS166AN ( Figure 2 ). The multi-copy IME4 plasmid (pMC IME4) was constructed by ligating the 2.9-kbp Xbal-SaH fragment from plasmid pJS12 (12) between the Spel and Sail sites of pRS424 (Figure 2 ). The plasmid-bome ime4 disruption allele was made in two steps. First,
pSS\19R!MI and (Figure 2 ).
Construction of riml missense mutations and truncations
Oligonucleotide site-directed mutagenesis was used to create RIMI point mutations in plasmids pSSll9RIMl and pCEN RIMI. Presence of mutations was confirmed by dideoxynucleotide sequencing. The riml-A531 mutation was created after £coRI and Xhol sites were introduced in plasmid pSS-CRX29 at RIMI position +1595 through mutagenesis with oligonucleotide RIM1-CRX (5 '-CATAATTGGGAATTTAGAATTCTGCTCG-AGCTGAACCAAAAAAG-3'). The 2.2-kbp PsA-Xhol fragment from pSS-CRX29 was then inserted into pRS314 at PsA and Xhol sites to create pSS-KN34. Vector sequences resulted in the addition of RILLEGGPGTQFAL to residue 531 and created a truncated polypeptide of 545 amino acids. The riml truncation at codon 296 (pSS-KN43) resulted from 3' digestion of pSS\19RIMl with exonuclease IE. Vector sequences resulted in the addition of ASFCSL to residue 296 and created a truncated polypeptide of 302 amino acids.
Construction of RIMI deletions and sequencing strategy Nested deletions were constructed in plasmid pSS\79RIMl ( Figure 2 ) through exonuclease m digestion (Promega). DNA sequence was determined by double-strand dideoxynucleotide with the Sequenase 2 Kit (Strategene) and the TaqTrack Sequencing Systems (Promega). The sequences of both strands of 3081 nucleotides were determined. Manipulation of the sequence data was carried out by using the University of Wisconsin Genetics Computer Group (GCG) nucleic acids sequence analysis programs (23) .
RESULTS
Cloning of RIMI
We set out to clone RIMI by identifying low-copy (CEN) plasmids with genomic inserts that complement the ime2-lacZ expression defect of a riml-1 mutant. In extensive screens of two independent yeast DNA libraries (24, 25) , we failed to isolate RIMI, although we did identify two inserts that partially suppress riml-1. One possible problem was that RIMI might not be represented in existing libraries, so we constructed a new library that was minimally amplified. A second possible problem was that existing riml mutations cause only partial defects in ime2-lacZ expression and sporulation (16), so we had to sort through many weakly-suppressing plasmids. We found that the riml-1 mutation was tightly linked to a more severe rim mutation, rim4-l (23 PD: 0 NPD: 1 T), which causes an absolute sporulation defect (16) . Therefore, we transformed the library into a rim4-l mutant and screened for complementation of ime2-lacZ expression and sporulation defects. We identified a plasmid, pSS131 -15, that could complement both rim4-l and riml-1. The insert directed plasmid integration to the RIM4 locus (see Methods), thus confirming that we had isolated RIMI and RM4 rather than a suppressor. We found that plasmids containing a region adjacent to the RIMI gene transform E. coli more poorly than plasmids lacking this region (data not shown). Therefore, RIMI and RIM4 may have been under-represented in more extensively passaged libraries.
Plasmid pSS131-15 and its subclone pSS166AS defined a 9-kbp genomic DNA segment that complemented both rim4-l and riml-1 (Figure 3) . Subclones pSS166AN and pSSl79RIMl complemented only riml-l, whereas subclones pSS166AK and pSS178M complemented only rim4-l (Figure 3 ). Subclones pSS-KN29 and pSS-SX15 narrowed RIMl activity to a 2.7-kbp DNA region. These complementation results suggest mat riml and rim4 mutations lie in different genes; this inference is confirmed by sequence analysis (below and in preparation).
RIMl map location
We mapped RIMl and R1M4 to chromosome VIQ through Southern analysis of electrophoretically separated chromosomes, using a 2.3-kbp Ecd91-Xho\ fragment from plasmid pSS131-15 as a probe (data not shown). Hybridization of this probe to a set of filters containing X clones comprising 98% of the yeast genome (26) indicated that these two genes are very close to SPO11 on the left arm of chromosome Vm (data not shown). We analyzed 95 meiotic tetrads from diploid SS1955 (a/a SPO11::TRP1/SPO11 RIM1/RIM1::URA3) and determined that RIMl mapped 3.7 cM from SPO11 (88 PD: 0 NPD: 7 T).
Analysis of a riml null mutation
Previously isolated riml mutations cause slow growm at 17° and partial defects in ME1 expression and sporulation [ We replaced a 3.5-kbp segment that includes RIMl with the URA3 gene to make plasmid pSS179C. A plasmid complementation test confirmed that this deletion abolished RIMl function ( Figure 3 ). This rim/A::URA3 insert was then used to replace one chromosomal RIMl allele in a diploid strain (see Materials and Methods). Meiotic analysis of several rimiA::URA3/RIMl diploids revealed that every tetrad produced two Ura + and two Ura~ spores. The Ura + and Ura~ spore colonies grew equally well. This result indicated that RIMl is not an essential gene. Further comparisons indicated that the phenotypes of riml A and four independent riml alleles were nearly identical ( Table 2 ). In addition to the failure to express imel-HIS3 and ime2-lacZ fusions, all riml alleles caused smooth colony morphology, slow growth at 17°, and a partial sporulation defect. Because the phenotypes of riml-l, riml-2, riml-3, and riml-4 were indistinguishable from that of riml A, we conclude that the partial defects do not arise from partial loss of function. Sporulfltion efficiency was determined in dipkrids homozygous for the respective riml alleles after 36 hr on sporulation plates. "C refers to clumpy colony morphology and 'S' refers to smooth colony morphology.
RIMl nucleotide sequence
We detennined the nucleotide sequence of the 3.1-kbp insert of plasmid pSSl79RIMl, which complements riml-1. The insert specified a single large open reading frame (ORF) with 518 bp of 5' flanking sequence and 680 bp of 3' flanking sequence (not shown; EMBL accession number X72960). The ORF encodes a polypeptide of 628 amino acids with a calculated molecular weight of 68,538 daltons (Figure 4 ). This ORF is contained within the region delimited by endpoints of subclones pSS-KN29 and pSS-SX15, which complemented the riml-1 mutation. We infer that this ORF represents the RIMl gene product.
Analysis of the RIMl upstream region revealed sequences that may be required for RIMl expression (not shown). There are possible TATA boxes at 137 and 247 bases upstream of the RIMl initiation codon. Two sites with homology to the T 4 C site, identified as a sequence required for IME2 UAS activity (27) , lie at positions -303 to -311 (1111CTGCG) and -454 to -446 CrrrrCTTCG) (with matches to the IME2 T 4 C site underlined). No other consensus transcription factor binding sites (28) were identified in the 5' flanking region. A potential polyadenylation signal (AATAAA) was found 58 bp downstream of the termination codon.
The deduced RIMl product contains three potential C 2 H 2 zinc fingers, characteristic of nucleic-acid binding proteins (29) , at residues 146-169, 182-206, and 212-234 ( Figure 4 ). All three regions contain the four crucial cysteine and histidine residues that coordinate the zinc cation and a 12 amino acid loop that connects these conserved residues. RIM1:146-169 and RIM 1:212-234 also contain the conserved phenylalanine and leucine residue at consensus positions 10 and 16 in the loop. In RIMl: 182-206, these positions have the polar residue threonine and the aliphatic residue isoleucine, respectively. The first positions of RIM 1:146-169 and RIMl: 182-206 have leucine residues rather than the consensus aromatic residue. Similar deviations from the consensus have been observed in other putative zinc finger proteins (30) (31) (32) (33) . The region between RIMl:182-206 and RIMl:212-234 (VPLKP) shows some similarity to the H-C link consensus (TGEKP [29, 30] • C189S
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b /S-galactosidase assays were performed fbr tog phase cultures in YEPAc medium (veg) and after 6 hrs in liquid sporulation medium (spo). Sporulation ability was quantitated in the same cultures after one, two, and five days in sporulation medium.
Values are the average of two independent determinations. 
100
pMC IME1 28 100
•Sporulation ability was quantitated after two days on sponilation plates. At least four independent transformants were examined for each transformed plasmid and at least 400 cells were counted for each transformant.
Mutational analysis of RIM1
We used mutational analysis to test the contribution of the zinc finger motifs, the acidic region, and the cAPK phosphorylation sites to RIM1 activity. Mutations altering each of these sequences were introduced into single-copy RIM1 plasmids. Activity was assayed by complementation of a riml A mutant for imel-HIS3 expression, ime2-lacZ expression and sporulation. Because slow growth at 17° and smooth colony morphology were observed only in riml mutants grown in rich medium which does not select for plasmid maintenance, these phenotypes were not assessed. Missense substitutions that alter a consensus residue of each putative zinc finger abolish RIM1 activity ( Figure 5 ). We created substitutions of serine for the second cysteine residue of each zinc finger, at positions 153, 189 and 217. Single-copy plasmids that carry each mutant allele failed to restore imel-HIS3 expression, ime2-lacZ expression and sporulation ability to a riml A mutant. These observations suggest that each putative zinc finger is essential for RIM1 function.
Deletions that remove the RIM1 acidic C-terminus reduce but do not abolish activity ( Figure 5 ). We created deletions that truncate RIM1 at codon 531 and at codon 297. Single-copy plasmids that carry each deletion failed to fully complement the riml A mutation based on imel-HIS3 expression. However, both plasmids partially complemented the riml A defects in sporulation and ime2-lacZ expression. We conclude that the RIM1 C-terminus contributes to activity, but is not absolutely essential.
To determine the role of each putative cAPK phosphorylation site, we created alanine substitutions for serine residues 50 and 255 ( Figure 5) . The substitution at position 50 did not impair RIM1 activity. However, the substitution at position 255 reduced RIM1 activity based on all assays of RIM1 function. A double mutant with both substitutions also had low activity. We conclude that the serine residue at position 255 is important for RIM1 activity. However, these genetic results do not indicate that serine 255 is phosphorylated.
Analysis of genes affecting IME1 expression
Prior studies indicated that RIM1 and MCK1, which specifies a protein kinase homolog, act in independent pathways to stimulate 1ME1 expression (16) . We observed that mcklA riml A double mutants, like mcklA riml-1 double mutants, retain some ability to sporulate (Table 3) . Since imel mutants fail to sporulate, this observation suggests that a third pathway must permit some expression of IME1 in the absence of RIM1 and MCK1.
IME4 is another positive regulator of IMEL Prior studies indicated that an ime4 insertion mutation blocks IME1 expression and sporulation (12) . However, we observed that an ime4 insertion mutation in strains from the SK-1 genetic background, which we routinely use, does not block sporulation. Sporulation of ime4/ime4 diploids was delayed (22 % after one day and 88 % after two days) compared to wild type strains (77% after 1 day and 100% after 2 days). The same ime4 insertion mutation abolishes sporulation in strains from the S288C genetic background (W. Li, personal communication), from which many lab strains are derived. We also confirmed that a multi-copy ME4 plasmid stimulates sporulation in a/a cells (see below). Therefore, our results do not contradict the earlier study (12) . Rather, they suggest that IME4 plays a less central role in IME1 expression in SK-1-derived strains than in S288C-derived strains.
We determined the genetic relationship between RTMl, MCK1 and IME4 by analyzing ime2-lacZ expression and sporulation abilities of single, double and triple null mutants. If IME4 acts through the RIM1 pathway, we expected the phenotype of a riml A ime4-l double mutant to be comparable to that of either riml A or ime4-l single mutants. If IME4 acts through the MCK1 pathway, we expected the phenotype of a mcklA ime4-l double mutant to be comparable to that of either mcklA or ime4-l single mutants. If IME4 acts through a third pathway to stimulate IME1 expression independently of RIM1 or MCK1, we expected the phenotype of rimlA ime4-l and mcklA ime4-l double mutants to be more severe than any of the single mutants. We observed that single rimlA, mcklA, and ime4-l mutants had 100-, 4-, and 2-fold ime2-lacZ expression defects, compared to a wild-type strain incubated in sporulation medium, and caused mild sporulation defects (Table 3 ). All three double mutants had more severe sporulation defects and, where measurable, ime2-lacZ expression defects. A rimlA mcklA ime4-l triple mutant was completely defective in ime2-lacZ expression and sporulation (Table 3 ). These observations suggest that RIM1, MCK1, and IME4 act through independent pathways to stimulate ime2-lacZ expression and sporulation.
Increased RIM1 dosage permits sporulation in a/a diploids Increased dosage of IME1 or IME4 permits sporulation of cells that lack one or the other subunit of the repressor that determines a/a cell type properties, al-a2 (1, 12) . To determine whether RIM1 shares this property, we examined the sporulation ability of an a/a diploid strain (which lacks al-a2) transformed with a multi-copy RIM1 plasmid. Transformants carrying the plasmid vector failed to sporulate, as expected (Table 4) . Transformants carrying the multi-copy RIM1 plasmid were able to sporulate at a low level (0.3%). Transformants carrying multi-copy IME1 or IME4 plasmids were able to sporulate at higher levels (28% and 5.3%, respectively). A control a/a diploid sporulated equally well, regardless of which plasmid it carried. Therefore, increased RIM1 dosage is able to stimulate sporulation weakly in the absence of al-a2 activity.
DISCUSSION
Our characterization of RIM1 leads to three main conclusions that concern RIM1 function, structure, and regulation. First, we have provided clear evidence that RIM1 is a positive regulator of IME1 expression. The ability of riml mutants to sporulate apparently requires two parallel regulatory pathways that depend on MCK1 and IME4. Second, the deduced RIM1 sequence indicates that the protein may function as a positive transcription factor. Third, our mutational analysis raises the possibility that RIM1 activity may be stimulated by phosphorylation by cAMPdependent protein kinase.
We previously suggested that RIM 1 was a positive regulator of IME1 based on riml mutations isolated through a genetic screen (16) . The riml-1 mutation, which was characterized in detail, reduced IME1 RNA accumulation and expression of the imel-HIS3 fusion gene. Because all isolated riml mutations were recessive, we inferred that they were loss-of-function mutations. However, the fact that all riml mutant phenotypes reflected only partial defects might have meant that the riml mutations reduced, but did not abolish, activity of the gene product. The phenotypes associated with a complete deletion of the RIM1 open reading frame clearly establish the consequences of loss of RIM1 function. We observed that the riml A mutation causes a partial sporulation defect, altered colony morphology, and conditional lethality. Because the riml A mutation causes defects in imel-HIS3 and ime2-lacZ expression, we infer that the sporulation defect arises from an IME1 expression defect. The fact that riml A mutants display partial defects in sporulation and growth indicates that other gene products or pathways must partially compensate for loss of RIM1 activity.
Genetic experiments suggest that MCK1 and IME4 define two pathways that act in parallel to RIM1 to stimulate IME1 expression. The inference that RIM1, MCK1, and IME4 act independently is based on our observation that double mutant combinations have more severe ime2-lacZ expression and sporulation defects than single mutants. The use of null mutations is critical for tiiis type of analysis; it is well established that combinations of partially-defective mutations affecting the same pathway can have additive effects (35) (36) (37) (38) . We believe that the RIM1, MCK1, and IME4 pathways may share additional functions as well, because all three riml mckl ime4 triple mutants we obtained from tetrad analysis grew more poorly than any of the double or single mutants (unpublished observations). However, definitive evidence that these pathways share more general functions related to cell growth will require identification of other target genes that are regulated by these pathways.
Presence in RIM1 of both zinc finger-like segments and an acidic region may indicate that RIM1 is a transcriptional activator. The fact that all three zinc finger-like segments are essential for RIM1 activity suggests that RIM1 may be a sequence-specific nucleic acid-binding protein (29) . In addition, the RIM1 Cterminus is rich in acidic amino acids, a property common to transcriptional activation domains (34) . Deletions that remove this acidic region cause a reduction in RTMl activity, but clearly do not abolish activity. We note that a second acidic region, residues 130-145, might be responsible for activity of these truncated RIM1 derivatives. In any case, our hypothesis that RIM1 may bind to specific sites to stimulate transcription must be considered tentative. Whether RIM 1 activates IME1 expression directly or activates RIM8, RIM9, or RIM13, which appear to function in the RIM1 pathway (16) , has yet to be determined.
The finding that one putative cAPK phosphorylation site is important for RIM1 activity is confusing in light of genetic evidence indicating that cAPK activity inhibits IME1 expression (2, 14) . We had expected that substitutions for serines at these sites might create hyperactive R1M1 alleles that cause 1ME1 expression to be resistant to cAPK activity, by analogy with studies on ADR1 (40). In contrast, neither substitution permitted sporulation of a RAS^1 9 mutant diploid (unpublished results), which has elevated cAMP levels (13), and one of the substitutions inactivated RIM1. One explanation for these observations is that RIM1 is not phosphorylated by cAPK and the critical serine residue plays some role in structure, stability, or function. A second explanation is that RIM1 is responsible primarily for establishing basal IME1 expression in unstarved cells, when cAPK should be active. This hypothesis is consistent with the observation the riml mutations cause reduced imel-HIS3 expression; this assay presumably reflects basal IME1 promoter activity because it is insenstitive to cell type signals (15) , which govern only the elevated level of IME1 expression in starved cells (1) . Our current efforts to identify a RIM 1-responsive promoter site at IME1 will help to resolve which signals RIM 1 transmits and whether RTM1 activates 1ME1 directly.
